Summary
Economic values (EVs) of traits, accounting for environmental impacts and risk preferences of farmers, are required to design breeding goals that contribute to both economic and environmental sustainability. The objective of this study was to assess the effects of incorporating environmental costs and the risk preferences of farmers on the EVs of pig breeding goal traits. A breeding goal consisting of both sow efficiency and production traits was defined for a typical Brazilian farrow-to-finish pig farm with 1,500 productive sows. A mean-variance utility function was employed for deriving the EVs at finishing pig level assuming fixed slaughter weight. The inclusion of risk and risk aversion reduces the economic weights of sow efficiency traits (17%) while increasing the importance of production traits (7%). For a risk-neutral producer, inclusion of environmental cost reduces the economic importance of sow efficiency traits (3%) while increasing the importance of production traits (1%). Genetic changes of breeding goal traits by their genetic standard deviations reduce emissions of greenhouse gases, and excretions of nitrogen and phosphorus per finished pig by up to 6% while increasing farm profit. The estimated EVs could be used to improve selection criteria and thereby contribute to the sustainability of pig production systems.
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| INTRODUCTION
Livestock production causes major environmental impacts following from emissions to air, water and soil. The impact is expected to increase with a growing world population and demand for animal proteins. The growing human and livestock populations require increased production of food and feed, which results in increased competition for the use of scarce resources such as cropland, fossil fuel and water (Garnett, 2009) . Pig and poultry diets heavily rely on cereals and oilseeds, which can also be used for direct human consumption. To reduce the environmental impacts of pig production systems, several feeding and management practices have been proposed such as use of co-products and locally produced ingredients, diet optimization (e.g., use of low protein ingredients complemented with amino acids) and precision feeding (i.e., meeting the nutrient requirements of individual pigs as accurately as possible). Environmental impacts of pig production can also be reduced through genetic improvement of animals. Genetic improvement has been an effective way to improving productivity and efficiency of pig production. As Wall, Simm, and Moran (2010) illustrated, environmental impacts of livestock production can be reduced in broad breeding goals by indirect selection on correlated traits of animal productivity and efficiency. An improvement in feed efficiency, for example, reduces nitrogen excretion of fattening pigs (Shirali et al., 2012 ). An improvement of feed efficiency reduces the production of effluent per unit of product and reduces emission associated with feed production.
The focus of pig breeding programmes has been on the genetic improvement of economically important production and reproduction traits such as growth rate, feed conversion ratio (FCR), lean meat and piglet production (Kanis, De Greef, Hiemstra, & Van Arendonk, 2005) . Such traits are commonly weighted by their economic values (EVs), which are estimated as the change in profit due to a one unit change in the value of a trait keeping all other traits constant (e.g., Brascamp, Smith, & Guy, 1985) . The EVs are derived from private profit equations or bio-economic models which typically reflect only private costs and benefits, that is, only costs paid by producers and benefits which accrue to producers. They exclude external costs such as environmental costs, which are associated with damage to humans, ecosystems and resources following from emissions (Field & Olewiler, 2005; Nguyen, Hermansen, & Mogensen, 2012) . However, the development of a sustainable production chain requires a complete reflection of the real cost of a product to the society on the final price (Nguyen et al., 2012) . The future pig production system is expected to implement environmentally sustainable practices due to several increasing push (e.g., regulations) and pull factors (e.g., growing consumer demand for sustainable pork). Through regulations, producers might be obliged or subsidized to internalize their emissions (e.g., via investment on pollution abatement technologies) or might be taxed for the damages caused to the society. For example, about 7 Giga ton CO 2 -eq (13% of annual global greenhouse gas (GHG) emission) was covered by different carbon pricing instruments (e.g., carbon taxes and emission trading schemes) in different parts of the world in 2016. 1 The design of breeding goals that contribute to both the economic and environmental sustainability of pig production requires models, in which the calculation of EVs accounts for the environmental costs. Previous literature, derived EVs of traits for dairy cattle (Wall et al., 2010) and beef cattle ( Aby, Aass, Sehested, & Vangen, 2013) by considering GHG emission costs. However, to the best of our knowledge, there are no studies that accounted for the GHG emission costs in the derivation of EVs for pig breeding goal traits by monetizing emission of GHGs. Traditionally, EVs of traits are derived from the aforementioned private profit equations or bio-economic models of commercial pig farmers without taking into account their risk preferences or implicitly assuming that farmers are risk neutral. However, there is substantial evidence that agricultural producers are risk-averse (e.g., Gunjal & Legault, 1995) . As the decision-making process of farmers depends crucially on their risk preferences when faced with an uncertain decision, risk and risk preferences need to be taken into account properly. Price volatility is one of the sources of risk in agriculture and deters farmers from investing in innovations (e.g., genetics) for increasing productivity and production, which in turn influences farm profit. Therefore, EVs of traits should be derived from the utility functions of farmers (e.g., mean-variance utility functions) which take into account not only expected profit, but also the associated risk.
In light of the foregoing discussion, the objective of this study was to assess the effects of incorporating environmental costs and risk preferences of producers on EVs of pig breeding goal traits. The study first proposes a method for integrating environmental costs and risk preferences of producers into the derivation of EVs of traits and applies this to the case of Brazilian farrow-to-finish pig production. Brazil is the fourth largest producer and exporter of pork in the world. The pig industry has faced rising feed cost (Embrapa Swine and Poultry Centre, 2016) and environmental problems such as emission of GHGs (Cherubini, Zanghelini, Alvarenga, Franco, & Soares, 2015) . Feed cost accounts for more than 75% of the total cost of pork production (Embrapa Swine and Poultry Centre, 2016) . Furthermore, Brazilian pork and feed prices fluctuate over time. The coefficients of variation of annual selling price of finished pig and feed cost over the period 2006 were about 24% and 20%, respectively (Embrapa Swine and Poultry Centre, 2016) . A breeding goal that contributes to reducing environmental impacts, and the impacts of increasing feed cost and fluctuation of prices is required to breed for future production systems.
The remainder of the paper is structured as follows. First, it presents the stochastic bio-economic farm model and the mean-variance utility function that was employed to derive the EVs. Then, the procedure followed to incorporate environmental costs in the derivation of EVs is discussed. This is followed by the presentation of the choice of breeding goal traits and how the EVs are estimated. Finally, results are presented followed by discussion of main findings.
| MATERIALS AND METHODS
This section introduces the bio-economic model that was used to compute EVs of traits while accounting for environmental costs and farmer's risk preferences.
| The bio-economic model
Economic, biological and bio-economic approaches are the three main approaches for estimating EVs. The economic approach is based on a simple profit equation by identifying traits associated with the returns and costs of pig production. The economic approach does not take into account the physiological impacts of a change in a trait. On the other hand, the biological approach uses information on the physiological characteristics of pigs, neglecting the economic impact of a change in the value of a trait. A trait which could be improved using the biological approach might not contribute to profitability. The bio-economic approach combines both the economic and biological approaches to define a breeding goal. Bio-economic models are increasingly used to estimate EVs of breeding goal traits as they provide a more accurate description of production systems than profit or biological models (e.g., De Vries, 1989; Hou ska, Wolfov a, & Fiedler, 2004) .
This study employed a stochastic bio-economic farm model for a typical Brazilian farrow-to-finish pig farm with 1,500 sows to simulate farm performance . In Minas Gerais (southeast of Brazil, where farrow-to-finish production system is mainly practiced), the size of farms vary significantly ranging from 50 sows to more than 5,000 sows. We assume that the typical farm in our model owns 1,500 productive sows with annual replacement rate of 45%. Embrapa Swine and Poultry Centre (www.embrapa.br/ en/suinos-e-aves/cias) also assumes 1,500 productive sows per farm in their monthly reports of swine cost of production for the state of Minas Gerais. The model consists of four sub-models: (i) sow, (ii) growing-finishing pig, (iii) manure and (iv) farm. The sow sub-model, which represents the reproduction stage, starts with replacement gilts of 150 days old purchased from a superior herd. After about 70 days, gilts are mated by artificial insemination with purchased semen. Conceived gilts join the sow pool. Females with any problems (e.g., anoestrus, failed conception, leg and udder problems) are culled. The sow production cycle consists of mating, conception, farrowing, lactation and weaning. A sow will be mated or culled depending on her condition and performance after the last weaning. Average farm values per year were used as inputs in the sow sub-model. In line with Brazilian production system, three growth stages were assumed for weaned piglets-piglets (weaning to 23 kg), growing pigs (23-70 kg) and finishing pigs (70-115 kg).
The growing-finishing pig sub-model characterizes the growth performance of a 23 kg growing pig until it reaches a constant slaughter weight (115 kg live weight). The InraPorc â model (Van Milgen et al., 2008) was used to simulate the growth performance of a growing-finishing pig. Given the inputs of the InraPorc model (e.g., initial age, nutritional values of feed, net energy intakes at 50 and 100 kg body weights), the growing-finishing pig sub-model simulates the biological performance of a pig until slaughter weight (e.g., daily growth, daily feed intake and lean meat content). The manure sub-model estimates the amount of excretions of volatile solids and nutrients during the life cycle of a finished pig on the basis of feed intake, nutritional contents of the diet, genotype of the pig and manure management system. It also estimates GHG emissions from manure management and the fertilizer equivalent value of manure. In the farm sub-model, all returns and costs (including environmental costs of feed and manure, and fertilizer equivalent value of manure) were estimated at farm level on the basis of the results of the other sub-models to compute private (farm) profit and social profit. In this study, social profit refers to private profit minus the environmental cost of feed plus the net return from manure. Net return from manure equals fertilizer value of manure plus avoided environmental cost due to avoided artificial fertilizer production minus environmental cost of manure . We assumed that available farm resources (e.g., buildings and equipment) are optimally used and the farm operates with optimal replacement and culling policies, and feeding practices. The time period taken into account in the model is 1 year. Therefore, input parameter values represent values per farm, per year. As all factors of production are variable in the long run and as genetic improvement is also for the long run, fixed costs are treated as variable costs when computing the effect of genetic change on farm profit. More details on the bio-economic model can be found in .
| Mean-variance utility function
The profit equation in the bio-economic farm model is rewritten into a mean-variance utility function to account for the farmers' risk preferences. Price uncertainty, which is one of the sources of risk, is a standard attribute of agricultural production because of the inherent volatility of input prices and agricultural commodity prices (Hardaker, Lien, Anderson, and Huirne, 2015) . In the bio-economic farm model, stochasticity of prices and biological variations between growing-finishing pigs were incorporated to estimate the variability of annual profit . Assuming that a typical Brazilian farrow-to-finish pig producer displays constant absolute risk aversion, her mean-variance utility function can be expressed as (Hardaker et al., 2015) :
where U is mean-variance utility, E (p) is expected profit, k is the Arrow-Pratt coefficient of absolute risk aversion and r 2 p is the variance of profit. The Arrow-Pratt coefficient of absolute risk aversion measures the intensity of a producer's aversion to risk. Values of zero, positive and negative imply that a producer is risk neutral, risk-averse and risk seeker, respectively. Agricultural economists use several approaches to estimate the risk preferences of producers (i.e., to determine the value of k) ranging from econometric and mathematical programming techniques to elicitation techniques (see Hardaker, Lien, Anderson, and Huirne (2015) for an overview). The values of E (p) and r 2 p were calculated using the bio-economic farm model introduced above . Utility decreases with an increase in the coefficient of risk aversion and/or variance of profit (Equation 1). We assumed that stochasticity of prices of finished pigs, feeds and replacement gilts, and biological variations between growing-finishing pigs affect the decision making process of a farmer. Table 1 presents the expected values, standard deviations and correlation coefficients among the stochastic parameters, which were used to derive E (p) and r 2 p , as described in . The value of r 2 p depends on the variances of each parameters (e.g., prices), the co-variances (e.g., co-variance between price of feed and price of finished pig) and the number of finished pigs (NFP).
The mean-variance approach is consistent with expected utility maximization under the restrictive assumptions of constant absolute risk aversion or normally distributed profits (Hardaker et al., 2015) . To validate the latter assumption, several distributions were fitted to the 2006-2015 price series using @Risk, an add-in for MS Excel (Palisade Corporation, Ithaca, NY, USA). The normal distribution indeed provided the best fit for the price data with their respective means and standard deviations as given in Table 1 . A normal distribution was also assumed for the biological parameters. As prices and the biological parameters cannot be negative, the distributions were truncated at zero (i.e., the minimum values are zero). Moreover, prices series were de-trended to remove the effect of the trend term in computing standard deviations and correlation coefficients to avoid systematic variability and associations between prices. Producers take into account the systematic changes in prices when making decisions. However, the random changes cause uncertainty and thereby are a source of risk.
The actual value of the degree of risk aversion (k) is not known for Brazilian pig producers. A value of zero implies that a pig farmer is risk neutral whereas a value greater than zero implies that a farmer is risk-averse. Higher values of k implies that producers are more risk-averse. A range of values were used for k based on Anderson and Dillon (1992) who proposed five classes of coefficients of relative risk aversion (r r ): 0.5, hardly risk-averse at all; 1.0, somewhat risk-averse (normal); 2.0, rather risk-averse; 3.0, very risk-averse; and 4.0, extremely risk-averse. Then, k is calculated as:
where w is wealth. The expected annual profit of the farm -as calculated using the bio-economic farm model introduced above-was used as a proxy for wealth. The annual farm profit of Brazilian farrow-to-finish pig farm US$ 558,908 was used to derive the risk aversion coefficients. For instance, k is equal to 0.0000018 for "somewhat risk averse" producer (following Equation 2). Although this value of k looks very small, its effect on utility is large as the variance of a typical Piglet feed price (R$/kg) C 1.23 0.098 1.00 1.00 1.00 1.00 0.00 0.00 0.00 0.00
Growing pig feed price (R$/kg) D 0.64 0.051 1.00 1.00 1.00 0.00 0.00 0.00 0.00
Sow feed price (R$/kg) E 0.61 0.049 1.00 1.00 0.00 0.00 0.00 0.00
Finishing pig feed price (R$/kg) F 0.57 0.045 1.00 0.00 0.00 0.00 0.00
Protein deposition (g/day) G 131.00 11.00 1.00 0.07 0.33 0.09
Net energy intake at 50 kg body weight (MJ/kg) H 21.07 2.000 1.00 0.19 0.11
Net energy intake at 100 kg body weight (MJ/kg) I 28.94 3.000 1.00 À0.03 Brazilian farrow-to-finish pig farm profit (i.e., 2.19E+11 US$) is big . When k is zero, the mean-variance utility function reduces to the bio-economic profit function.
| Environmental costs
Environmental impacts (e.g., global warming potential, acidification, and eutrophication) of pig production can be estimated using life cycle assessment models and the resulting changes in these impacts from a unit change in the value of a trait considered can be calculated. The shadow prices (e.g., the shadow price of CO 2 for global warming potential) can be used to monetize environmental impacts (e.g., Nguyen et al., 2012) . Then, by incorporating environmental costs into the bio-economic model, new EVs of the traits can be derived. In this study, as described in , the environmental costs of GHGs emission from feed production and manure management were included in the bio-economic model. Feed production and manure management are the largest contributors to environmental problems in the pork production chain (Cherubini et al., 2015; Nguyen et al., 2012) . The environmental impacts of feed production are based on life cycle assessment study of Ali, van Zanten, et al. (2017) that estimates emissions of GHGs from extraction of raw materials until the delivery of the feed at a pig farm. Emissions of GHGs from of manure management are based on . The emissions were monetized using the 2015 shadow price of CO 2 (US$0.045 per kg CO 2 -eq; . Unlike the stochasticity of prices of inputs and outputs, we assumed that stochasticity of shadow prices of environmental impacts does not affect farmer's decision making as the goal of the farm is to maximize its meanvariance utility, which does not depend on shadow price of CO 2 . In this study, the difference between farm (private) profit and environmental cost is referred to as social profit.
| Included traits and economic values
Economic weights are often applied to weigh traits in multi-trait economic selection index methodology. To improve the environmental sustainability of Brazilian pig industry by indirect selection (on top of economic sustainability), the main traits that improve productivity and efficiency of pig production should be included in the breeding goal to reduce environmental impacts per kg live weight finished pig. A breeding goal that consists of both sow efficiency and production traits is considered. From sow efficiency traits, number of piglets born alive per litter (NBA), preweaning mortality rate (PWM; %) and weaning-oestrus interval (WOI; days) are included. The production traits average daily growth (ADG; g/day) and FCR (kg feed/kg gain) during the growing-finishing stage are included. The included traits are expected to improve the productivity and efficiency of pig production, and thereby reduce environmental impacts per finished pig. The trait NBA was included in the breeding goal as it affects both revenues (e.g., via the NFP) and costs (e.g., via feed cost). The trait WOI influences the sow's reproductive efficiency as it affects the number of farrowing per year. The trait PWM affects profit of the farm as the NFP depends on the number of weaned piglets per sow. Brazilian pig producers believe that PWM is one of the main factors affecting their farm profitability as it reaches up to 10%.
2 Although it could be of interest to consider animal welfare related traits, they were not included, for simplicity, in the breeding goal.
The trait ADG determines the number of days required to reach the slaughter weight thereby affecting costs (including environmental costs). Improved FCR reduces feed cost and emissions of GHGs from feed production and manure management, and excretion of nutrients. Carcass quality indicators (e.g., lean meat content and back fat thickness) are not included in the breeding goal as there is no carcass quality-based payment system in Brazil. Although selection on leanness did not directly increase the carcass value in Brazil, it should be included in the selection index as it reduces feed cost.
A fixed number of sows per farm per year (1,500) and a fixed slaughter weight (115 kg) were assumed when assessing the effect of genetic change of traits. The EV of a trait was calculated based on the mean-variance utility function as the ratio of (i) the difference between the utility of a producer after a change in a trait level by its genetic standard deviation in a desired direction and its utility before the genetic change, and (ii) the genetic standard deviation of the trait considered (see Equation 3 ). The resulting change in utility indicates the importance of the trait as genetic standard deviation is an indicator of the rate at which breeding values can be improved. A change in trait level in a desired direction refers to the situation where a change in a trait level results in an increase in utility based on the mean-variance utility function (e.g., increase in ADG and decrease in FCR). The EVs were expressed per finished pig per year. The (absolute) EV of a trait was expressed as:
where EV i is economic value of breeding goal trait i, U is mean-variance utility per finished pig, Ai is after genetic change in trait i and Bi is before genetic change in trait i and r gi is the genetic standard deviation of trait i. Economic weights of traits (%) were also computed, which refer to the relative importance a trait in the breeding goal.
The economic weight of a trait, also known as relative EV, was computed as:
where EW i is the economic weight of breeding goal trait i and i, . . . n refers to the breeding goal traits. The genetic standard deviations were obtained from the literature ( Table 2 ). The EVs were also expressed as elasticities, which represents the % change in utility due to a 1% change in the value of a trait considered in the desired direction. Economists use the term elasticity to measure the responsiveness of a variable (e.g., profit or utility) following from a 1% change in another variable (e.g., a trait level), while other factors remain constant. Traits with higher elasticity imply that utility is more responsive to the genetic change of those traits. The computation of elasticities facilitates communication between economists and animal breeders.
3 | RESULTS
| Key production and economic results before genetic change
Based on the stochastic bio-economic farm model developed in Section 2, key production and economic results were computed for the situation before genetic change. The number of pigs finished per farm per year is about 33,500 pigs with a slaughter weight of 115.5 kg each. The GHG emission (CO 2 -eq) is about 7,400 t/year (of which 79% is from feed production and the rest from manure management). The emissions of GHGs from feed production are lower for Brazil compared to estimates for other countries. This is mainly due to the lower emissions associated with Brazilian corn production (Ali, van Zanten, et al., 2017) . The annual social profit is about 360,000 US$, and was calculated as annual farm profit (about 559,000 US$) minus the environmental cost of feed (about 263,000 US$) plus the net return from manure (about 64,000 US$; fertilizer value of manure plus avoided environmental cost due to avoided artificial fertilizer production minus environmental cost of manure). The key production and economic results before genetic change for the typical Brazilian farrow-to-finish pig farm are summarized in Appendix A (Table A1) .
| Effect of genetic change of traits on key farm performance indicators
Based on the bio-economic farm model, the effect of genetic change of traits on key farm performance indicators such as NFP, feed consumption by fattening pigs (i.e., by piglets, growing and finishing pigs) (Feed), environmental impacts (excretions of GHGs, N and P), and on private and social profits at farm level is presented in Table 2 . It shows the mechanisms by which changes in trait levels determined changes in the key production and environmental variables, and private and social profits. Changes in the sow efficiency traits in the desired directions increase the NFP, feed consumption, environmental impacts and (private and social) profits at farm level whereas changes in production traits decrease feed consumption and environmental impacts, and increase profits. The mechanism of increase in private and social profits following from desirable change in traits is as follows. For example, an increase ADG, average daily growth during the growing-finishing stage; Age, age of finished pig at slaughter; FCR, feed conversion ratio during the growing-finishing stage; Feed, feed consumption of fattening pigs (i.e., piglets, growing and finishing pigs); GHG, net greenhouse gas emission from feed production and manure management (accounting for avoided emission due to the avoided artificial fertilizer); N, nitrogen excretion; NBA, number of piglets born alive per sow per litter; NFP, number of finished pigs; NWP, number of weaned piglets; P, phosphorus excretion; PWM, preweaning mortality rate of piglets; WOI, weaning-oestrus interval.
a Social profit refers to private profit minus environmental cost of feed plus net return from manure. Net return from manure equals fertilizer equivalent value of manure plus avoided environmental cost due to avoided fertilizer production following the use of manure as an organic fertilizer minus the environmental cost of manure (for details see . ALI ET AL. in NBA by its genetic standard deviation results in an increase of the NFP (by 2,504) which in turn increases feed consumption and environmental impacts (Table 2) . Private and social profits increase as the return from the additional finished pigs is greater than their costs (including environmental cost in the social profit case). As a fixed slaughter weight was assumed, an increase in ADG by its genetic standard deviation reduces the age of finishing pig at slaughter. This, in turn, reduces feed consumption and environmental impacts while farm returns remain constant (assuming that the NFP remains the same before and after genetic improvement of production traits). When the duration of fattening shortens, more pigs could be finished per year thereby environmental impacts per farm also increase. However, when results are expressed per finished pigs, improvement in both sow efficiency and production traits results in lower environmental impacts per finished pig (as explained in subsection 3.3 below).
From the traits included in the breeding goal, a genetic change in ADG has the highest effect on both private and social profits at farm level ( Table 2 ). The traits NBA and FCR are the second most important traits in improving private and social profits, respectively. A desirable change in sow efficiency trait levels results in a lower increase in social profit than private profit. For production traits, however, the increase in social profit is greater than the increase in private profit. Although Brazilian farmers are not paid for carbon reductions currently, they might be paid in the future, for example, with carbon trading schemes (which exist in some countries).
| Economic values and elasticities of breeding goal traits
The results presented in this section are based on the mean-variance utility function. The last row of Table 3 shows the utility of a producer per finished pig before genetic change for risk neutral and risk-averse producers, where the standard deviation of farm profit is 467,979 US$ following from stochasticity of prices and biological parameters. As expected, utility decreases with an increase in the degree of risk aversion and variance of profit (following the expression in Equation 1). The utility of a "somewhat risk averse" producer is about 35% lower than the utility of a risk-neutral producer (for a constant variance). Utility further decreases with the inclusion of environmental costs of GHGs (again in line with Equation 1). As we found that the (farm and/or social) utilities of "rather risk-averse, very risk-averse and extremely riskaverse" producers are negative, they are excluded from the analysis as it is unrealistic to continue farming with negative utility. Expected utility theory dictates that any state where utility becomes negative will not be pursued by a rational decision maker. Table 3 presents the effects of incorporating risk preferences of producers on the EVs and economic weights of traits per finished pig by assuming fixed slaughter weight. As the changes in trait levels were to the desired directions, the EVs of all traits are positive. The EVs are low for all traits, however, within the expected range. The economic importance of sow efficiency traits (except WOI) decreases with an increase in the degree of risk aversion whereas the economic importance of production traits increases. The EV of NBA for a "somewhat risk averse" producer, for example, is about 17% lower compared with a risk-neutral producer. This is because an increase in NBA results in an increase in the NFP and feed consumption, which in turn increase the variability in revenue and feed cost at farm level. An increase in the variability of profit results in a decrease in utility (via the expression in Equation 1). Although the additional finished pigs (from genetic change) bring additional profit to the farm, they also bring more variability to farm profit thereby utility per finished pig decreases. However, the decrease in utility due to the increase in variability is partially compensated by the increase in sow's efficiency (e.g., decrease in feed consumption of a sow per its finished pigs) when expressed per finished pig. On the other hand, the EV of FCR for a somewhat risk-averse producer is about 6% higher compared with a risk-neutral producer. An improvement in FCR reduces feed consumption thereby variability of feed cost (and variability of profit) decreases. A decrease in the variability of profit increases utility (Equation 1). Table 3 also shows the effects of incorporating the environmental costs of GHGs on the EVs and economic weights of pig breeding goal traits per finished pig by assuming fixed slaughter weight. The inclusion of environmental costs at a shadow price of US$0.045 per kg CO 2 -eq increases the EVs of both sow efficiency and production traits compared with the situation without environmental costs. The mechanism of the increase in the EVs is as follow. An increase in NBA, for example, increases the NFP and feed consumption thereby increasing environmental costs and variability of profit at farm level. However, feed consumption and environmental cost of sows remain unchanged during the genetic change (as number of sows is assumed to be fixed). When results are expressed per finished pigs, the effect of the decrease in environmental cost following from sow efficiency improvement on utility per finished pigs outweighs the effect of the increase in variability of profit following from the additional finished pigs (thereby the EV of NBA increases). In other words, although the additional finished pigs (from genetic change) bring more variability to the farm and thereby utility per finished pig decreases, the effect of the decrease in 200 | environmental cost per finished pig on utility per finished pig following from the increase in the efficiency of a sow (e.g., decrease in feed consumption of a sow per its finished pigs) is higher. An increase in ADG, on the other hand, results in shorter duration of fattening days, thereby reducing feed consumption ( Table 2 ). The reduction in feed consumption reduces feed cost, environmental cost and variance of profit, thereby increasing utility (as NFP is assumed to be fixed). In terms of economic weights, the economic weight of sow efficiency traits decreases with the inclusion of GHGs emission costs while the weights of production traits increases (Table 3) .
The elasticities of breeding goal traits with and without accounting for GHG emission costs are presented in Table 4 . For instance, without accounting for environmental costs, a 1% decrease in PWM and a 1% increase in ADG result in a 0.15% and 3.42% increase in the utility of a risk-neutral producer, respectively. The higher the elasticity, the more important the trait is in improving the profit and utility of the producer. With and without GHGs emission costs, the responsiveness of the utility of a somewhat risk-averse producer is higher than the responsiveness of a risk-neutral producer for both sow efficiency and production traits. The elasticities of traits are higher when environmental cost of GHG emission is included compared with the elasticities without environmental cost for both sow efficiency and production traits for both risk neutral and risk-averse producers (Table 4) .
The effect of genetic change of traits on emission of GHGs, and N and P excretions per finished pig (assuming a fixed slaughter weight) is summarized in Table 5 . Genetic improvement of the growth traits (e.g., ADG and FCR) is more effective than genetic improvement of reproductive traits (e.g., NBA) when aiming for a reduction of the environmental impacts per unit of final product (Table 5 ). The last row of Table 5 shows the amounts of GHGs emission and N and P excretions per finished pig before genetic change. A desirable change in trait levels reduces environmental impacts. Genetic improvements of ADG and FCR result in substantial reductions in emissions of GHGs and excretions of N and P compared with genetic improvements of sow efficiency traits.
| DISCUSSION

| The bio-economic model
The bio-economic model that we employed in this study is similar with the model of De Vries (1989) with the following differences. First, the sow sub-model of De Vries (1989) contains more details where the whole life cycle of a sow was simulated whereas we used annual average farm values. Second, our growingfinishing pig sub-model is more detailed compared to De Vries (1989 T A B L E 3 Absolute economic values of traits (US$ per trait unit per finished pig) and economic weights (%, in brackets) with and without including greenhouse gas emission costs and risk preference of producers for Brazilian farrow-to-finish pig production system SP = 0 refers to the situation without including the environmental cost of emissions of greenhouses. SP = 0.045 refers to the situation where greenhouse gas emission costs are included at a shadow price of US$0.045 per kg CO 2 -eq. a Refer to Table 2 for the abbreviations of traits.
b Change in trait levels was to the desired directions by one unit of genetic standard deviation (i.e., where a change in trait level leads to increase in profit).
c Including average feed consumption by lost pigs (due to mortality) during fattening. energy intakes at 50 and 100 kg body weights, final age or final weight, precocity per day and mean protein deposition per day. Third, unlike De Vries (1989) , by linking the biological growing-finishing pig sub-model with a mathematical manure sub-model, the amounts of excretions of volatile solids and nutrients (N and P) can be simulated in our manure sub-model considering the different stages of production (sow, piglet, growing and finishing). The resulting volatile solids and excretions of nutrients were used to compute GHGs emission from manure management. As described in , the excretions of nutrients are influenced by feed intake, nutritional content of feed and digestibility of feed. Fourth, unlike De Vries (1989), our model is stochastic that account for volatility of prices and biological variations between fattening pigs. The details of the bio-economic model can be found in .
In this study, as farm is used as a starting profit (and utility) scale of expression, the economic weights (relative EVs) remain the same when expressed per sow or finished pig or kg of product. As Amer and Fox (1992) noted farm profit (in our case farm utility) should always be used as starting point. Once the effect of genetic change on farm profit is computed, division of EVs by the number of breeding sows or finished pig or units of output will yield proportionally equivalent economic weights (Amer & Fox, 1992) . Brascamp et al. (1985) proposed the "zero or normal profit" approach to avoid the problem of inconsistent economic weights when derived from different scales of expressions. However, in agriculture, "normal profit" does not hold as farms, in practice, continue operation while incurring losses for several years.
The derivation of economic weights has been long discussed and there is not one best approach to be applied. Different approaches could estimate quite different values depending on the production system, the economic constraints, the breeding structures, the traits considered in breeding goals and the assumptions made. A breeding goal consisting of three sow efficiency (NBA, PWM and WOI) and two production (ADG and FCR) traits was assumed for the Brazilian farrow-to-finish production system. The economic weight of production traits is greater than the weight of sow efficiency traits. Even if the same model is employed to derive EVs and economic weights, comparison of absolute EVs and their economic weights calculated for different countries is difficult due to several factors including differences in production system, market situation and traits considered in the breeding goals. For example, the relative importance of NBA and feed intake is very different between Germany (where feed price is lower) and Switzerland (Von Rohr, 1998) . In the present study, the economic weight of FCR is higher than that of NBA for the Brazilian production system. This is in line with the result of Hanenberg, Mathur, and Knol (2010) who showed Changes in trait levels were to the desired directions by 1% (i.e., where a change in trait level leads to increase in profit).
T A B L E 4 Elasticities of traits (%)
with and without including greenhouse gas emission costs and risk preference of producers for Brazilian farrow-to-finish pig production system GHG, greenhouse gases emission from feed production and manure (corrected for avoided emission due to the use manure as an organic fertilizer). N, nitrogen excretion in the manure. P, phosphorous excretion in the manure.
a Genetic changes of traits were to the desired direction by their respective genetic standard deviations (i.e., where a change in trait level leads to increase in profit). Refer to Table 2 for the abbreviations of traits.
that FCR is the most important trait in Brazil (compared with other countries such as Netherlands, Germany, Spain and USA). They showed that compared to the EVs of Netherlands for litter size and FCR (assuming 100% for the Netherlands), the EVs for litter size and FCR are 126% and 84% in Germany, and 91% and 130% in Brazil, respectively. As the EVs that we derived are based on the Brazilian farrow-to-finish production system, the relative importance of traits might change in other production systems such as the integrated production system in Brazil and other production arrangements in other countries. Carcass quality (e.g., lean meat and back fat) and societal concern related traits (e.g., animal welfare) are not included in the breeding goal for Brazilian farrow-to-finish production system in the present study. This is due to the fact that there is no carcass quality-based payment system and market for animal welfare products in Brazil unlike the situation in developed countries. In practice, breeding programmes include carcass quality traits in their breedingobjective traits as these traits reduce feed cost indirectly. Continuous selection for productivity traits (NBA, PWM, WOI, ADG and FCR) may result in undesirable effects on other traits (e.g., deterioration of welfare-related traits). However, as economic and production situations are dynamic, breeding goals should also be redefined and EVs need to be updated.
| Risk aversion and economic values
Risk and risk preferences are an important aspect of farm decision making that is mostly overlooked by studies when deriving EVs of traits. The use of utility functions (e.g., mean-variance) to derive EVs enables to account for risk and risk preferences of producers. The decision of farmers on technology adoption (e.g., genetics) depends on the utility they derive from adopting a certain technology. The use of utility in deriving EVs is more realistic than profit when deriving EVs as it is also linked with the behaviour of humans. Kulak, Wilton, Fox, and Dekkers (2003) , for a two-trait cattle breeding goal, and Peura, Kempe, Strand en, and Rydhmer (2016) , for a multi-trait blue fox breeding goal, showed that EVs derived from private profit equations or bio-economic models are different from EVs derived from mean-variance utility functions. Large errors in EVs of traits could lead to incorrect breeding-objective traits and might ultimately results in suboptimal or different direction of selection in the long run (Cottle & Coffey, 2013; Kulak et al., 2003) which in turn affects farm sustainability. Vandepitte and Hazel (1977) showed that large errors (>50%) in the EV of feed efficiency of pigs can result in up to 76% losses in relative efficiency of a selection index. For some of the traits (e.g., PWM), the results of our study show that there are up to 33% differences between EVs derived with and without including risk preferences of producers. Although there is no "true" value for risk aversion, failing to account the fact that farmers are risk-averse results in wrong EVs. Therefore, breeders need to take into account risk and the risk-averse nature of producers and adjust their breeding goals accordingly to better serve risk-averse producers.
The impact of risk is higher for reproduction traits (e.g., NBA) than for production traits (e.g., ADG) for a fixed number of sows and constant slaughter weight. A desirable change in sow efficiency traits increases risk (i.e., variance of profit) whereas a desirable change in production traits decreases risk. Genetic improvement in pig breeding programmes is typically separated in "male" lines, selected predominantly for production traits and "female" lines selected also for reproduction traits. Therefore, genetic improvement of the male line is more important for riskaverse producers than female line improvements for Brazilian producers.
The inclusion of risk and risk preferences of producers hardly influences the ranking of both sow efficiency and production traits for Brazilian production system. Peura et al. (2016) for a multi-trait blue fox breeding goal and Kulak et al. (2003) for a two-trait cattle breeding goal showed that at a higher coefficient of absolute risk aversion (0.02), the absolute EVs and economic weights of traits are greatly affected compared with a situation of lower coefficient of absolute risk aversion (0.0001) (given that variance of profit remain constant). In our study, re-ranking of traits is not observed for both sow efficiency and production traits following the inclusion of risk and risk preferences (although the variance of profit is big) and it could be due to the lower coefficient of absolute risk aversion that we used in the current study (e.g., 0.0000018 for a normally risk-averse producer in the current study versus 0.02 in Peura et al. (2016) and Kulak et al. (2003) ). The risk aversion coefficients should be derived empirically for Brazilian producers to increase the accuracy of EVs.
The number of discounted expressions (McClintock & Cunningham, 1974) are not considered in this study. The number and time of expressions of traits, however, affect the true economic weights as described by McClintock and Cunningham (1974) . Sow efficiency traits are expressed only on females whereas production traits are expressed on both sexes. Moreover, expression of sow efficiency traits is at later ages compared with production traits. The time preference associated with risk is also not considered. The benefits and costs associated with genetic improvement of traits need to be discounted when designing a breeding programme. However, the results of this study will not be undermined by the exclusion of number of discounted expressions as the main objective of the study is to show the effect of risk and environmental costs on EVs compared with the traditional EVs (as the discount rate and number of expressions remain the same in all cases).
A mean-variance utility function and a constant absolute risk aversion coefficient are assumed in this study. We employed a mean-variance utility function due to its convenience to capture risk using variance as its proxy while taking into account risk preferences of producers (via the coefficient of risk aversion). Although other utility functions (e.g., exponential) also allow to take into account risk preferences (e.g., constant absolute risk aversion coefficient for exponential utility function), they do not allow to include a measure of the actual risk (e.g., variance). A mean-variance utility function is consistent with utility maximization theory only in two cases (Hardaker et al., 2015) : (i) if the utility function of the producer is quadratic or (ii) if profit is normally distributed. A quadratic utility function, however, implies increasing absolute risk aversion. Moreover, profits may not be normally distributed (Hardaker et al., 2015) as agricultural prices usually do not follow normal distribution (Deaton & Laroque, 1992) . The EVs that we found in this study could change if the coefficient of absolute risk aversion changes with wealth or if profits are not normally distributed. The utility functions of producers (e.g., quadratic versus exponential) need to be known to accurately estimate the coefficient of risk aversion and thereby EVs. However, the results of this study will not be undermined by the use of mean-variance utility function as profits are normally distributed in the present case (following from the normal distributions of prices for fixed output as described in subsection 2.2), which make it consistent with utility maximization theory.
| Environmental cost and economic values
Current pig breeding programmes do not account for environmental impacts of pig production systems when defining breeding goals. Currently, direct selection for reduced emissions is not available (Wall et al., 2010) . This may be due to: (i) the lack of incentive for farmers to reduce emissions (e.g., there is no cost to the farmer for GHG emissions), (ii) the difficulty and costly nature of measurement of emissions in large numbers of animals, and (iii) the impossibility of measurement at all. However, indirect selection for reduced emission via correlated traits (e.g., by improving feed efficiency) is an effective technique as it also improves farm profit. Breeders need to incorporate environmental costs in the derivation of EVs as producers are more responsive to genetic improvement when environmental impacts are considered (refer to Table 4 ). The inclusion of GHG emission cost into the derivations of EVs of traits reduces the relative economic importance of sow efficiency traits slightly while increasing the importance of production traits. In line with the results of the current study, Aby et al. (2013) showed that the inclusion of environmental costs of GHGs into the derivation of EVs of traits for the Norwegian cattle production system decreased the relative economic importance of reproduction traits while increasing the importance of production traits. Therefore, genetic improvement of the growth traits (e.g., ADG and FCR) is more effective than genetic improvement of reproductive traits (e.g., NBA) when aiming for a reduction of the environmental impacts per unit of final product for Brazilian producers. Although genetic improvement of sow efficiency traits increases environmental impacts at farm level (Table 2) , it reduces when expressed per finished pig ( Table 5 ). As Van Arendonk (2011) noted, the benefit of genetic improvement of animals on environmental impacts of farms should be expressed per unit of the final product (i.e., kilogram of meat, which is equivalent to finished pig when fixed slaughter weight is assumed as in the case of our study).
Genetic improvements of ADG and FCR result in substantial reductions in emissions of GHGs and excretions of N and P. Excretion of N and P has a positive genetic correlation with FCR and daily feed intake whereas it is negatively correlated with ADG and carcass leanness. Shirali et al. (2012) also showed that N excretion has a large positive correlation with FCR and a moderate negative correlation with ADG. Similarly, the results of the current study show that excretion of nutrients decreases with an improvement in FCR and increase in ADG. Therefore, using the new EVs which are derived by taking into account the environmental costs of production systems, breeding programmes may pursue alternative breeding goals to meet the future demand for sustainable products.
Re-ranking of traits is not observed for both sow efficiency and production traits following from the inclusion of GHG emission costs. In this study, we considered the environmental cost of only emission of GHGs from feed production and manure management thereby exclude other environmental impacts (e.g., acidification and eutrophication) and emission of GHGs from other chains of pig production. The environmental cost would increase if we included other environmental impacts in the bio-economic model, and thereby the difference between EVs would get larger. Nguyen et al. (2012) , for example, estimated the environmental cost of pork using the monetizing factors of the Stepwise2006 life cycle impact assessment method for a typical EU pork production. The following impact categories were included: global warming potential, acidification, eutrophication, nature occupation, ozone layer depletion, ionizing radiation, mineral extraction, ecotoxicity, human toxicity, respiratory in/organics and photochemical ozone-vegetation. They found that the environmental cost of producing pork was 1.9 EUR per kg, which was larger than the private cost of 1.4 EUR. Therefore, an increase in environmental costs (via including all kinds of impact categories and/or by raising shadow prices) increases the gap between EVs with and without including environmental costs.
| CONCLUSIONS
This study assessed the effects of incorporating environmental costs and risk preferences of producers on EVs of pig breeding goal traits. A mean-variance utility function was used to derive the EVs at finishing pig level for Brazilian farrow-to-finish production system, assuming a typical farm with 1,500 sows. The results show that risk aversion of producers reduces the economic weights of sow efficiency traits (17%) while increasing the importance of production traits (7%) for the Brazilian farrow-to-finish production system. Similarly, the inclusion of environmental cost reduces the economic importance of sow efficiency traits (3%) while increasing the importance of production traits (1%) for a risk-neutral producer. Environmental impacts such as emission of greenhouse gases (5%), and excretions of nitrogen (6%) and phosphorous (5%) per finished pig can be reduced via genetic change of the breeding goal traits while improving profitability. The results show that environmental costs and farmers' risk preferences matter when deriving EVs for a broad breeding goal aiming to improve both the economic and environmental sustainability of production systems.
